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~13STRACT’

Conversion of 351-nm Iasf$ light to j~ft x-rajs
gold targets irrndiatcd at 5 x 10 - -4 x 10 W/cm ,

has been studied using sphcric:]l
Spectra and time histories of sub-

kcV and M-band emission arc prcscntcd. Results have been compared to detailed rnodcls
(1 ASNEX) 10 better c’ctcrminc the dynamics of the plasma proccsscs which Icad to x-r-n!
cmisslon,

L lNTRODl CTION1

Higti-Z p!~smas produccct by short wavelength Iascrs in the - 1013. ]015 \v/clll~

irrndiancc regime cnn radiate a large fraction of rhc total energy budget as soft x-r:l}’s,
primilrily <1,5 kcV, This can bc importnnt for applications to inertial confinement
I’dsion, w’here these x-rays mny bc used to indirectly drive the implosion of a fuel.1’illcd
CIIPSUIC, In addition, lmth t.. c ;inc and continuum x-ray emission from !!.--; nlasmns can
hnJc irnportnnt app]icatiuns 10 rnatcrials nnd biological research,

The x-ray emission from these plusmns results from a complex intcrplny of coupled
proccssc$ including the Inscr absorption, !hcrm:ll electron energy transport within the
plasma, non-LTE (local thermodynamic cquilibriurn) ntomic physics and radiation
trnnsporl, nnd hycirodynnrnics, Model simulation of these plusmos [ypicrilly requires :1
Inrgc rndin!ion-h ydlodynnmics code such as LASNEX (ref 1, Zimmerman). Tests of
modeling predictions which nrc sensitive to these proccsscs, together with spectroscopic
studies, nrc important to developing an understanding nncl IS predictive capability for x-

rity cmissi~)nl
Onc important prediction of LASNEX simuln[ions~s n ch~~gc in t~c ~lli~;i~.(~r ot”

high-Z plasmns with Inter intensity, from below l(lorulxln&) = 10 ‘ (w/Clll L). (Jill-” 10 ;IIJ(I\ L’

tl]:ll vnluc. At low intensities, most or the Inscr ii8h! is nbsorbccl by inverse
I]rcmsstrilhlung in nn cxtcnctcd rcgioll of the coronn, nnd the rntc of dcpt).;i[i~}tl is
sufficiently low thnl rndin [ion from Ihc snmc extended rc8ion keeps the ~’oron:i” c(I~Il (xl

kc V), AI high intensities. the coronnl tcmpcrn[urc rises nncl most ol’ the I:lscr dcl)[~siti~ltl
occurs just hclow the critcnl density; electron thcrm:]l transpori carries Ihc cncr~) I(I :1

nnrrt)v+ rcgiot~ 01’ hi~hcr dcnsit\ just ulmvc critic:ll, where Ihc r{~rli:lli[)n t:lh~s I)l{I~J(s,



2. EXPERIMENTAL SETUP

The experiments described here (ref 2, Goldstone) were performed at the
University of Rochester Omega laser (ref 3, Soures) frequency-tripled to 351 nm. Either
the full 24 beam array or a 6-beam subset was used, but always with spherical symmetry.
Pulses were nominally gaussian with a typical FWHM of 650 PS. Targets were solid
polystyrene (CH) spheres coated with gold. Beams were focused beyond the taltict so that
the edges of each beam were tangential to the target sphere, providing optimum
irradiation uniformity (-50

Yi
ms for th six-be m series and -20% rms for the 24-beam

series), Intensities of 5 x 10 < ~ ,01! $!W/cm were obtained by var “
at fix d laser energy (six beams, -250 J; 24 beams,

5
-1.7 kJ). At 4 x 10f4njnjhj ~rl&4sizc

W/cm , both six- and 24-beam shots were performed. Different gold thick ncsscs, from 160
Angstrom to 3 urn, allowed us to study emission in circumstances where the gold w~s
completely ablated into the Coronil during the Iascr pulse, as WCII as for essentially
infinite-thickness targets. Typical depths of laser burnt hrough vary from <100 Angstrom
to >1000 Angstrom over the intensity range wc studied, For the remainder of this
discussion we usc the term “thick t,argct” to describe those with gold thickness much
greater than the laser burnt hrough depth, and “thin target” to dcscribc those ~-:ith gold
thickness Icss than or equal to the Iascr burn[hrough depth,

Emission spccrra were studied with a variety of crystal sprc~rographs coIcring 2 -
7 Angstrom, and a transmission grating spectrograph covering 2 - 140 Angs[rom with 2
Angstrom resolution. In addition tirne-resoived spectra were obtaincci with a streaked
gra[ing spectrograph and a streaked elliptical crystal spectrograph (SPEAXS) (ref 4,
Jaanmagl), Absolute emission below 1.5 kcV was inferred from a four-channel filtered x-
rny-diode (XRD) spcctromctcr (ref S, Plen), using the grating spcctrr! to provide dctnilcci
information as to the spectral shape, Plasma calorimeters were used to dctcrminc the lnscr

absorption. To study the energy penetration into the thin-goid Iaycrcd targets, wc
observed t~tnl x-r~y conversion as a function of Inycr rhickncss as WCII as the time -
rcso]vccl cmissinn, The issue of cxtcndcd coronal emission versus localized emission WJS
studied in part oy time-integrated kcV x-ray microscopy and is rrlso adcircsscd by how’
nbruprly the sub-kc V emission dccrcascs at the tirnc of Iascr burnt hrough inio [hc Ctl
sul>strntc Details of many of these x-my diagnostics can bc found in a rcccnt rcticw
(rcf, 6, Richardson).

For thick gold tcsrgcts, x-ray conversion c(flclencics E ~di tCd/E ~)~orllcd arc
,,

shown in Flu. 1. A discussion of the data rcductlon mny hc fount in rc?crcncc 2, I’l:c
ngrccmcnt with LA SNEX cnlculnlions is quite good for the high-energy, 24- bconl dmo ii”
csscntinlly classicnl hcnt flux (flux limit fc-0.08) is assumed, This flux limit is islsn
consistent with thcrmnl transport mensurcments in low-Z sphcricol cxpcrimcnts at ShtJIII
wnvclcngth, Prcvir)us plnnnr.target (disk) experiments hnd required inhibited hcnt flux
(fc-0,03) for ndequntc model fits (ref,7, Mead).

l’bus, for the 24-bcnm cxpcrimcnts the tnrgct energy bnlnncc nppcnrs to Iw ucll -
modclccl, “l-hc six- br!nm data, on the other hnnci, frill below the 24- bcnm convclsior,
ef’ficicncics nnrl do not show the cxpcclcd intensity depcndcncc; they n~rcc well ~i[l)

cnrlicr Iow-energy disk dntn aI the snmc Inscr wnvclcn~th (ref. 8, l“urncr). ‘1I.C
discrc~nncy bc~wccn the six- nnci 24- bcnn] dn!u is pnrticulnrly pronouncc:l nt -3 x 10’3
w/cm&. N’hilt this discrcpnncy could inlpl\r N size- (): lnscr-energy-dc llclltlcll~. ~’ t~) Ihc J
r:l\’ conversion nOl fOL’nd in the fTIodCl CnlClllilliollS, il is nls(} pt)s~iblc th:lt lb’.’ I’c(lII~’~’~1
irrntli:lti{}n nnif~~rnlit}’ in fhc six- bcnm cxpcrlmcnts pl:Iys n r(~lc.



4. LAYERED-TARGET 6URNTHROU GH RE!jULT~

The time-integrated x-ray conversion (Ex < 1.5 kcV) decreases for thin gold Inycrs

since the CH substrate is an ineffective x-ray emitter. The rate of decrease of the time -
integratcd emission with decreasing thickness, as WC]] as the abruptness of the reduction
in the time-resolved emission at the time of burnt hrough, depend on the extent to which
the emission is localized near the critical density or, conversely, comes from the extended
corona. Time-integrated results (Figure 2) agree with modeling both in the thickness at
which the emission begins to significantly decrease (indicating that the laser energy
penetration or mass ablation is as calculated) and in the rate of decrease with thickness.
Further discussion is found in reference 2.

Time- esolved sub-keV emission shows a rapid reduction at burnt hrough time for 4
x

‘II
‘4 W/c~5 (Figure 3) consistent with the cxpectcd narrow emission region. A! 4 x

10 W/cm (not shown), there is no such abrupt dccrcasc in emission even for gold la) crs
that arc ablated early in the PUISC; this is consistent with the emission coming from an
cxtcndcd region of the corona where the gold is present long after burnt hrough. While
there is a rapid emission decrcasc in Figure 3 as cxpcctcd, it is apparent tt,~t in the 800-
eV region there is considerably more emission after burnt hough than calculated. From
examinations of the streaked spectra this appears to bc gold cinission rather then cnrbon
emission from the substrate. This may indicate more coronal emission than prcdictcd b)
the model for this intensity. Also in Figure 3, note that the time history of’ M-band
emission (-2-4 keV) as seen in the streaked grating spcctrogrztph is not significantly
affcctcd by the Iaycr thickness. This may bc cxpcctcd since these high-energy Iincs arc
most likely produced in the corona where the temperatures are highest. (However, onc
SPEAXS record in the M-band region did apparently show some cmissior,-time shortening
for a thin tnrgct. ) M-band spectra and time histories are discussed further below.

> SPATIAL DIST RIL!~lEQKMXX

Figure 4 shows 2-3 kcV images flom 24- bcctm irradiations, obtained v~ith a

:i;:f?tric-B~cz ‘icroscopc’
Figure 4a and 4b arc for thick gold Iaycrs at 4 x 10’4 and -1

W/cm- (initial target diameters of 450 urn and 140 urn), rcspcctivcly. The images
arc highl} Iimb-brightened, indicating a small optical thickness nt this photon cncrg!,
The rclativcl}’ uniform emission is apparent; in this intensity rctngc the kilovolt Crnission

vnrics npproxirnntcly lincitrly wi[h lirscr intensity (ref. 9, Marsh aii) and so this rcrlccts
the relatively uniform irrncii:] [ion, Sub-kilovolt pinhole camcr~ images also show
rclnti~’cly uniform emission ~rom these targets, Some slight asphcrici[y of the tnrgc[s
resulting from the fnbricntion process may bc noted in fi~urc 4,

Figure 4C is nn image of a target with a 580-Angstrom-thick gold Ioycr, For these
thin Inycrs wc routinely observed a smell-scale spatial modulation of the cmlssion (01”

which Fig. 4C is n particularly drnmntic exnmplc~, This mny bc related to filnmcntitt ion
enhancing Iascr bcarn nonuniform itics. Microscopic cxnminntions of the uniformity of
gold Iir\cr thickness on witness targets indicntc thnt even these thin Inycrs were unil’[)rlll
t[) -10(%1 down to micron-size arcns, Thus gold thickness nonunform itics would not ill)l~cill

to bc n Iikcl! cnusc of this mot[lcci emission p(rttcrn,

Fi~ure 4d is an nzimuthnll y-nvcrngr-l Ii,lcout of FIR, 4U nftct cent’crsion fr(; nl I’illl)
ctcnsity to in[cnsi[\, A comparison with n l. AS NE X/TDG cnlcul:lti(~n (norm:lli~,ccl ill
intcns it!’) shows thot the calculntcd extent of the emission region ilnd its motion” wi[h tilllc
during the Inscr Ilulsc arc rcasonoblc.



6, $U B-KILOVOLT SFECTRA

Details of the sub-kilovolt continuum spectra differ significantly from the
LASPJEX calculations using ncrn-LTE hydrogcnic average-atom models, and also show
interesting systematic changes with intensity, target size, and gold layer thickness. Figure
5 shows a LASNEX-calculated spectrum and one obtained from the time-integrated
grating spectrograph using 10 I film and Henke’s film calibration (ref. 10, Henke). Note
that the vertical scale is linear. The observed feature near 250 eV is attributed primarily
to transitions into the gold O-shell (although (delta )n-O transitions might also contribute
to this region), and that near 600-800 eV is attributed to transitions into the N-shell (5-4
transitions). For simplicity we refer to these as the O- and N-band peaks, although this is
not strictly corr-:tl

Figure 6 shows spectra for thick and thin targets at intensities from IO 13.1015

W/cm2 Note that the centroid of the N-manifold moves from -600 eV to -800 eV with
increasing intensity, as the mean charge state of the emitting plasma increases from -23
to -50. This is consistent with LA$NEX calculations. (The centroid of the N-band
clnission is at -400 CV for 4 x 101’” irradiations, not shown). Also in figure 6, note that
the thin-layered targets exhibit spectra with narrower O- and N- features; for thicker
targets both broaden to the low-energy side.

Figure 7 shows a comparison of spectra from high-energy, large-tar~ct, 24-beam
shots to those from lower-energy, small -[argct shots at the same intensity. The snlall -
target thick -gola spectra are quite similar to those from la~ge ;argets but thin gold layers,
This suggests that the broadening to low energy seen in the large-target thick-layer shots
may bc related to an increased optical thickness of the plasma as compared io targets with
Icss gold or sm~llcr radius, Wc speculate that the apparent shift in x-ray conversion
efficiency with target size ana number of beams (Fig. 1) might bc conncctcd with such an
effect, and wc have attempted to rc~roduce a target-size dcpendcncc in ~-ray conversion
by adjusting various parnmetcrs within the LASNEX model, including oscillator strengths.
opacit) multipliers, line widths, and ncn-LTE rates. None of these changes had the
clcsircd effect. and wc conclude that ~ more subtle improvement to the LASNEX model is
nccdcd to rcproducc the spcctrnl details and, pcrhttps, to rcproducc the small-target x-ra!
conversion cfficicncics,

ZJ!MJf’JE SF’ECTRA AND TIME HI. STQRIES

M-band (2-4 kcV) c nission is strongly dcpcndcnt on Iascr intensity with rclo[ilcl!

\)\’f ;;:!” “c’”w
-lO’J W/cm2, rising to several pcrccnt of the incicicnt cncrg)’ by 4 s

As much ns 10-20% of the total rad’ tcd flux CIIN bc in M-band crnission al
these high intensities, A typical spectrum at -10 f! ir shown in Figure 8 along with
idcntificntiorts of several of the transition arrays. Typicnl ionizo lion states responsible
for this crnission nrc Co-like to Ga-like (Z = 48- 52),

Using SPEAXS to compnrc strcnkcd M-band spcctrn with an optic~l fiducial, wc
find tllnt the M- bnnc! emission is considcrnbly dclnycd nnd shortened nt the Iowcr Inscr
intensities. Figure 9 sh

t~(’ shots, onc “t d ~ ,~~s ‘verl~ys of the ~

-band c~lission nnd the optical fiducinl for
and one at 4 x IO 5 W/cm A, At the Iowcr intcnsiry the onscl [JI”

M-emission is delayed by -110 ps, The sho?tcning und delay of kcV Iinc emission is
physicull) rensonnblc, since the c,nission will hnvc n strong dcpcndcncc on the coron;ll
[cnlpcrnturt for these relntivcly col~l plusmns and will only hc si~llificnnt ncnr the pcoh
0[ [hc Inscr heating pulse.



8 co NCLUS 10NS

We have found that in kilojoule-scale experiments with good uniformity of
irradiation, x-ray conversion is efficient and the overall target energy balance agrees WC]]
with the LASNEX modeling. From the layered-target burnt hrough experiments and
imaging, it is apparent that the calculated laser energy penetration and the gross
hydrodynamic motion of the target, along with the spatial characteristics of the sub-hcV
emitting region (localized or extended), are in reasonable agreement with experimental
results. For smaller targets in lower energy experiments with poorer uniformity, x-ray
conversion is reduced, particularly at low intensity. The origin of this effect is not clear
and future experiments will attemp[ to distinguish between the effects of uniformity and
target-size scaling. Average-atom calculations do not well reproduce details of the
emission spectra, although the shift in the centroid energy of the N-band emission is
consistent with the calculated variation of mean charge state in the emitting region. More
detailed atom~c physics models will be required to calculate these spectral features an~
their observed changes with gold layer thickness and target size. Finally. M-band
emission can contain several percent of incident laser energy at the },ighcst intensities
studied here.
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Figure captions

1. Thick-target x-ray conversion efficicnc.y

2. Fraction of thick-target x-ray emission zs a fl!tlction of gold thickness

3. Expcrinlental and cal ~$lated t~rnc histories of x-ray emission for thick (left) and thin
(right) targets at 4 x 10 W/cm Streak camera has -15 ps resolution, XRD -300 PS. All
streaks are normalized to peak intensity, but the two XRD records are on a common
absolute scale.

4. 2-3 kcV images of largct emission. 4a-4d (top Icft to bottom right) explanation in text,

5. Calculated and experimental sub-keV spectra at 4 x 1014 W/cm2. Vertical scale is
linear.

6. Spectra frGm thick (solid Iincs) and thin (dotted lines) targets at different intensities

7. Comparison of kilojoule thick-target spectra to both thin-target and low-en crgy/small -
targct spectra.

8. Gold M-band spectrum at 10 15 ~,cm2

9. SPEA XS comparison of M-band emission and optical fiducial
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SMALL, LOW-ENERGY SHOTS PRODUCE SPECTRA

SIMILAR TO THOSE FROM THIN GOLD LAYERS

Narrower “O” peak, more pronounced “N” peak

for smaMer/thir8ner targets
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SPEAXS COMPARISON OF M-BAND
EMISSION AND OPTICAL FIDUCIAL SHOWS

DELAYED ONSET AT LOW INTENSITY
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